Introduction
One of the most significant challenges in global health is to diagnose infectious diseases accurately and economically in developing countries. 1 Early detection and treatment of highly 15 contagious diseases such as tuberculosis are critical to patient care and control of disease transmissions. For the rapid identification of target biomarkers and microbial pathogen cells, immunoassays have frequently been used. Immunoassays rely on the abilities of antibodies to recognize 20 and bind to specific target antigen molecules. For antibody characterization, an enzyme-linked immunosorbent assay (ELISA) is one of the reliable and relatively straightforward methods. However, ELISA requires large volumes of reagents and long incubation time. In addition, the assay results highly 25 depends on manual practices, which can be a major error source. When running an immunoassay, antibodies are immobilized on a substrate, often by incubation of a liquid drop. Target molecules are also bound in the similar format. In the process, 30 the biological particles can form various patterns including ring-shaped structures, central bumps, uniform deposits, or complex patterns involving multiple rings and a network of polygons on the substrate. [2] [3] [4] The deposit pattern is related to the surface energy interaction between the substrate and the 35 liquid and the evaporation rate of the liquid. 5 The drying patterns have been exploited for crystal formation of dispersed molecules. [6] [7] [8] One of the most studied drying patterns is termed coffee ring. 8 Over the past decade, various physical factors including pinning criteria, 9, 10 particle size, 11 particle 40 shape, 12 solvent type, 13 and surfactant effects 14 have been found to affect the coffee ring pattern. The coffee-ring effect can be manipulated for various applications including microarray deposition, 7 ink jet printing, 15 and particle separation. 16 In the context of immunoassays or similar 45 applications, the drying pattern can significantly affect assay performance due to the nonuniformly functionalized surfaces with antibodies. [17] [18] [19] [20] Recent studies also showed that the coffee ring patterns created from liquid drops containing bioentities, such as protein molecules, micro-organisms, and cells 50 could be utilized as biological indicators. 11, 16 However, the impact of immunocomplex formation on the coffee ring patterns has yet to be studied. In this paper, contact angles and deposit patterns of bacterial cell suspensions on antibody-coated surfaces are investigated To investigate how the binding affinity affects the contact angle of a liquid drop containing bacterial cells, rectangular gold-coated Si substrates (2.5x5 mm 2 ) were coated wtih antibodies (Fig. 1) . On a Si wafer, a 500 nm-thick oxide layer was thermally grown. A 20 nm-thick gold layer was then 75 evaporated onto the oxide layer by electron-beam evaporation. The gold layer was then coated with polyethyleneimine (PEI, 1%, Sigma-Aldrich) by dipping the rectangular strip into a PEI solution for 1 minute. PEI was a water-soluble polymer that interacted strongly by hydrogen bond with proton donors. 5 Since PEI was cationic, negatively charged proteins were attracted to the PEI-coated gold surface. The PEI-coated gold surface was dried at room temperature for 2 minutes. Subsequently, the PEI-coated gold surface was dipped into biotinylated bovine serum albumin (biotin-BSA, 10mg/mL, 10 Sigma-Aldrich) for 5 minutes. Bovine serum albumin (BSA) was used as a blocker, to mininimize non-specific interactons with the PEI-coated surface. Biotin was used as a linker to immobilize streptavidin. After drying the surface in air, streptavidin (1mg/mL, Sigma-Aldrich) was added to bind with 15 the botin-BSA-functionalized surface for 1 minute. Finally, the surface was functionalized with the biotinylated antibodies for 5 minutes, which bound tightly to streptavidin. Antibodies were either anti-BCG IgY or anti-E. coli IgG with the concentrations of 2 mg/mL. All the coating steps were 20 conducted with dipping and withdrawal of the rectangular strip with speed of 100 µm/second. Fig. S1 ). According to this result, intracellular materials of both BCG and E.coli do not affect the outcome of contact angles. Results and discussion When the initial contact angle was measured for specific-and nonspecific bindings, the contact angle at specific bindings was reduced relative to that of nonspecific binding. When a liquid drop of PBS buffer was placed on a substrate with 70 immobilized anti-BCG IgY antibodies, the contact angle without cells was 33°. Subsequently, when drops containing E. coli or BCG cells were placed on the anti-BCG IgY substrate, the contact angles were reduced to 31° and 27°, respectively (Fig. 2a) . When the substrate was functionalized with anti-E. 75 coli IgG, the contact angle with PBS alone was 52°. The difference relative to anti-BCG IgY might reflect differences in the electric charge of antibodies. When droplets containing E. coli or BCG cells were placed on the anti-E. coli IgG substrate, the contact angles were reduced to 39° and 48°, respectively (Fig. 2b) . With both antibodies, the contact angle 5 was sequencially reduced from the pure PBS case, to the nonspecific case, and then to the specific case. The concentrations of bacterial cells can change the contact angle. However, the variations of one order of magnitude in the concentration do not make a significant change in the contact 10 angle because the contact angle change between 0 (pure PBS) and 10 7 cfu/mL (BCG or E.coli) is only 4~13 degrees. Thus, a sensitivity test using various concentrations of bacteria has not been conducted in this paper. The initial contact angle for each case was summarized in Table 2 . 15 Regarding the specificity of both antibodies, an ELISA kit was used. Both antibodies bound more avidly to the corresponding target bacterial cells (ESI †, Fig. S2 ). The result was consistent with the contact angle measurement. (b) Fig. 3 Drying patterns for four different cases (a) specific binding case: target bacterial cells on the corresponding antibody-coated surface; (b) nonspecific binding case: bacterial cells on the nonspecific antibody-coated surface. Yellow circles indicate the initial shape of droplets before the evaporation, and white dots are bacterial cells after dry. 30 During the evaporation of liquid drops containing target bacteria on the substrate, the bacterial cells were transported to the edge of the drops due to the pinning and the evaporation of the liquid (ESI †, Fig. S4 ; pinned mode). The larger binding forces for specific bindings held the contact line of the liquid 35 drop, resulting in a coffee ring pattern of bacteria. The dried patterns of the cells were also compared for both specific and nonspecific cases. The specific binding cases showed more distinct coffee ring patterns. We speculate that the coffee ring effect is enhanced due to specific binding, which could align 40 more target cells to the contact line as seen in Fig. 3a . For the nonspecific binding cases, the majority of the cells were accumulated in the middle of the droplet zone after evaporation (Fig. 3b) . To understand the relationship between the contact angle of 45 the target cells on functionalized surfaces and specific binding, we analyzed the evaporation mechanism of liquid droplets containing the target bacteria and the functionalized surfaces. Liquid droplets on a given substrate can evaporate with two different modes. One is the receding mode where the contact 50 area between the droplet and the substrate continuously decreases during evaporation (ESI †, Fig. S4a ). In this mode, the contact angle can either decrease or stay as a constant. The alternative mode is the pinned mode, in which the contact area remains as a constant while the contact angle gradually 55 decreases (ESI †, Fig. S4b ). Evaporation, a complex and nonequilibrium phenomenon, occurs over the entire drop surface. In the receding mode, Marangoni flow is dominant, which results in a recirculatory flow. In the pinned mode, the contact angle decreases as the liquid drop evaporates. Thus, a 60 capillary flow outward from the drop's center to its edges is induced to replenish evaporating liquid at the contact line. This action brings suspended particles to the edge as evaporation proceeds. Upon specific binding, the binding forces are derived from Table 2 and equation (1), with d=33 nm, the computed binding forces are estimated to be 109 pN for BCG -BCG IgY and 336 pN for Ecoli -E.coli IgG. These estimated values agree with the binding forces measured by an 25 atomic force microscope (AFM) varying from 50 pN to 250 pN. [23] [24] [25] The difference of the binding forces between BCG and E.coli may be caused by the different binding affinity of the antibodies. In summary, the specific binding between cells and antibodies induces the pinning of cells at the meniscus of 30 the bacterial droplet, which reduces the contact angle and increases the evaporation flux. In the case of nonspecific bindings, the contact angle is reduced to a lesser degree. Based on the contact angle measurements of bacterial suspension on antibody immobilized surfaces, we can easily 35 characterize the antibody without cumbersome ELISA tests and AFM measurements. The affinity of antibody can be evaluated by the difference of contact angles between specific-and nonspecific cases, and the avidity of antibody can be quantified by using the Young-Laplace equation with 40 the measured contact angles.
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Conclusions
The impact of immunocomplex formation on contact angles was investigated. At equilibrium, the contact angle for specific binding was smaller than that of nonspecific binding 45 due to the binding forces associated with the immunocomplex formation. With evaporation, the higher binding force from specific binding more rapidly reduced the contact angle in comparison to the nonspecific binding case. The lower contact angle for the specific binding cases induced a strong outward 50 flow to the edge of the liquid. Thus, the coffee-ring effect was enhanced in the presence of target cells, which aligned the target bacteria cells in a circular-ring pattern. 
